ATG2 is one of the autophagy-related (ATG) proteins essential for autophagosome formation and localizes to isolation membranes and lipid droplets in mammalian cells. Here, we investigated the requirement of regions in ATG2A for its organellar localization and function. The N-terminal amino acids 1-198 and the C-terminal amino acids 1830-1938 are required for the localization to isolation membranes and lipid droplets, respectively. The Cterminal region is not required for the localization to isolation membranes and for autophagy. We also identified an amphipathic helix in ATG2A that is required for both its localization to organelles and autophagosome formation. These data suggest that the dual localization of ATG2A is regulated by different regions.
Macroautophagy (hereinafter, autophagy) is a major degradation system that is highly conserved among eukaryotes [1, 2] . A membrane sac termed the isolation membrane (also known as the phagophore) is synthesized and engulfs a part of the cytoplasm to develop a double-membrane structure termed the autophagosome. Resulting autophagosomes fuse with lysosomes to degrade engulfed cytoplasmic materials. Autophagosome formation requires a number of autophagyrelated (ATG) proteins [1, 3, 4] . Among the ATG proteins, ATG2 is possibly one of the least understood factors. ATG2 is thought to function at a downstream step in terms of recruitment of ATG proteins to the preautophagosomal structure (PAS) in yeast [5, 6] . Also, in mammalian cells, knockdown or knockout (KO) of both ATG2 homologs (ATG2A and ATG2B) causes accumulation of almost all ATG proteins at the p62-positive autophagosome-formation site [7] [8] [9] . In Caenorhabditis elegans and Drosophila melanogaster, enlarged early autophagic structures accumulate in Abbreviations ADRP, adipose differentiation-related protein; AH, amphipathic helix; ATG, autophagy related; Cas9, CRISPR-associated protein 9; CRISPR, clustered regularly interspaced short palindromic repeats; DFCP1, double FYVE-containing protein 1; DKO, double knockout; DMEM, Dulbecco's modified Eagle's medium; ER, endoplasmic reticulum; FIP200, focal adhesion kinase family kinase-interacting protein 200 kDa; KO, knockout; LC3, microtubule-associated protein light chain 3; MEF, mouse embryonic fibroblast; PAS, preautophagosomal structure; PB, phosphate buffer; PFA, paraformaldehyde; PtdIns3P, phosphatidylinositol 3-phosphate; RFP, red fluorescent protein; VPS, vacuolar protein sorting; WDR, WD-repeat domain; WIPI, WD-repeat protein interacting with phosphoinositide.
Atg2-deficient mutant cells [10] [11] [12] . Electron microscopy analysis showed the accumulation of small vesicles and small autophagosome-like structures together with selective substrates such as p62 and ferritin in ATG2A/B-knockdown HeLa cells [8] and immature autophagic membranes in ATG2A/B KO THP-1 cells [9] . In C. elegans, unclosed isolation membranes were also observed in atg2-deficient cell [13] .
To regulate the membrane dynamics during autophagosome formation, Atg2 associates with membranes. One of the key factors for membrane association is Atg18 [WD-repeat proteins interacting with phosphoinositide (WIPIs) in mammals], a phosphatidylinositol 3-phosphate (PtdIns3P)-binding protein, to which Atg2 binds. The Atg2-Atg18 interaction appears to be essential for the recruitment of Atg2 to the PAS in yeast [5, 14] . However, other reports have suggested that Atg2 binds to PtdIns3P directly [15] and that Atg2 can localize to the PAS in the absence of Atg18 [16] . Furthermore, in mammals, ATG2s can also localize to lipid droplets, where WIPI proteins are not detected, to regulate the number and size of lipid droplets in mammalian cells [7, 17] . The region containing amino acids 1723-1829 in ATG2A is essential for the localization of ATG2A to both isolation membranes and lipid droplets [7] . Thus, Atg2/ATG2s may have intrinsic regions that mediate membrane association.
As well as the region 1723-1829, the N-terminal and C-terminal regions of ATG2A are evolutionally conserved. Additionally, these regions show high homology with the N-and C-terminal regions in VPS13 family proteins [17] [18] [19] . Previous reports suggested that human VPS13A regulates autophagy [18] and maintains the amount of phosphatidylinositol phosphates in the Golgi and the plasma membrane [20] . In yeast, Vps13 has membrane-binding activity [21] and functions at membrane contact sites [22] [23] [24] . Nevertheless, it remains unknown whether these VPS13-homologous regions in ATG2A are required for its dual localization and function in autophagosome formation.
Here, to better understand the function of these domains in ATG2A, we investigated the localization and function of various ATG2A truncation mutants in ATG2A/B KO cells. We found that the N-terminal region is required for localization to the isolation membrane, whereas the C-terminal region is required for localization to lipid droplets but not to the isolation membrane. The C-terminal region is even dispensable for autophagy. We also found an amphipathic helix (AH) in the region 1723-1829, which participates in translocation to both isolation membranes and lipid droplets. These data suggest that ATG2A targets to the isolation membrane and lipid droplets in distinct ways.
Materials and methods

Plasmids, antibodies, and reagents
Full-length human ATG2A (NP_055919) and its variants were amplified by PCR and subcloned into either pMRX-IP backbone vectors [25] (generated from pMXs [26] ) together with the EGFP tag [7] , or the pQCXIH (631516; Clontech, Mountain View, CA, USA) vector together with the FLAG tag. pSpCas9 (BB)-2A-GFP (pX458) (Addgene plasmid # 48138; Cambridge, MA, USA) was used for the establishment of KO cell lines. The following plasmids were used as previously described: pMRX-IP-GFP-LC3-RFP [27] , pMXs-IP-GFP-Atg14 [28] , and pMXs-puro-GFP-DFCP1 [29] . For immunoblotting, rabbit polyclonal anti-LC3B [30] , anti-GFP (A6455; Invitrogen, Carlsbad, CA, USA), anti-p62 (PM045; MBL, Nagoya, Japan), anti-ATG2A (PD041; MBL), and anti-ATG2B (HPA019665; Sigma-Aldrich, St. Louis, MO, USA) antibodies and mouse monoclonal anti-HSP90 (clone 68; BD Biosciences, San Jose, CA, USA) antibody were used as primary antibodies, and anti-mouse (111-035-003) and anti-rabbit (111-035-144) horseradish peroxidase-conjugated immunoglobulin G (IgG; Jackson Immuno Research, West Grove, PA, USA) were used as secondary antibodies. For immunostaining, rabbit polyclonal anti-FIP200 (17250-1-AP; Proteintech, Chicago, IL, USA), anti-ATG9A [31] , anti-ATG16L1 [32] , anti-WIPI2 (SAB4200400; Sigma-Aldrich), anti-p62, and anti-adipose differentiation-related protein (ADRP)/perilipin2 (15294-1-AP; Proteintech) antibodies, mouse monoclonal anti-WIPI2 (clone 2A2; Millipore, Billerica, MA, USA) and anti-LC3B (clone 1703; Cosmo Bio, Tokyo, Japan) antibodies, and rat monoclonal anti-GFP (GF090R; Nacalai Tesque, Kyoto, Japan) antibody were used as primary antibodies and AlexaFluor 488-conjugated anti-rabbit IgG (A-11008; Thermo Fisher Scientific, Waltham, MA, USA) and anti-rat IgG (A-11006; Thermo Fisher Scientific), AlexaFluor 568-conjugated anti-mouse IgG (A-11004; Thermo Fisher Scientific), and AlexaFluor 660-conjugated anti-rabbit IgG (A-21074; Thermo Fisher Scientific) antibodies were used as secondary antibodies. 
Cell culture
Retroviral preparation and establishment of stable cell lines
Stable cell lines were generated as follows: HEK293T cells were transiently transfected using Lipofectamine 2000 (11668027; Thermo Fisher Scientific) reagent with the retroviral vectors pCG-VSV-G and pCG-gag-pol. After 72 h, culture medium containing retrovirus was collected and filtered through a 0.45-lm syringe filter unit (SLHV033RB; Merck Millipore, Billerica, MA, USA). Cells were incubated with retrovirus and 8 lgÁmL À1 polybrane (H9268; SigmaAldrich). Uninfected cells were removed by 2 lgÁmL À1 puromycin (P8833; Sigma-Aldrich) or 300 lgÁmL À1 hygromycin B (10687-010; Thermo Fisher Scientific).
Electron microscopy
Cells were cultured on poly-L-lysine-coated, cell tight C-2 cell disks (MS-0113K; Sumitomo Bakelite, Tokyo, Japan) and fixed in 2.5% glutaraldehyde (G015; TAAB, Berkshire, UK) in 0. Nanoprobes, Yaphank, NY, USA). The pre-embedding silver enhancement immunogold method was used as previously described [33] .
Flow cytometry
Cloned cells stably expressing GFP-microtubule-associated protein light chain 3 (LC3)-red fluorescent protein (RFP) were cultured in the indicated medium for 6 h, harvested with 0.05% trypsin-EDTA for 3 min, washed with ice-cold PBS, and transferred to silicon-coated 1.5-mL tubes (131-615CH; Watson Biolab, Tokyo, Japan). The cells were centrifuged at 1000 g for 2 min, resuspended in ice-cold PBS containing 7-AAD (51-68981E; BD Pharmingen, San Jose, CA, USA), and analyzed using a flow cytometer (EC800; Sony, Tokyo, Japan) equipped with 488-nm and 561-nm lasers. At least 15 000 events for each sample were acquired. Data were processed using KALUZA software (Beckman Coulter). 7-AAD-positive dead cells were removed.
Immunoblotting
Cells were lysed with lysis buffer [50 mM Tris-HCl (pH 7.5), 150 mM NaCl, 1 mM EDTA, 1% Triton X-100, 1 mM phenylmethanesulfonyl fluoride, and complete EDTA-free protease inhibitor cocktail (19543200; Roche, Basel, Switzerland)]. After centrifugation at 15 000 g for 20 min, the supernatants were collected and the protein concentrations were adjusted using the bicinchoninic acid method (23228; Thermo Fisher Scientific images were processed using Photoshop CS6 (Adobe, San Jose, CA, USA). Wild-type and Atg2a/b DKO MEFs were cultured in starvation medium for 1 h. Cells were fixed and subjected to fluorescence microscopy. FIP200, ATG9A, WD-repeat domain phosphoinositide-interacting protein 2 (WIPI2), p62, and LC3 were immuno-stained with specific antibodies. Scale bars, 10 and 1 lm (inset).
Immunocytochemistry
(B, C) Wild-type and Atg2a/b DKO MEFs were cultured in starvation medium for 1 h and subjected to conventional electron microscopy (B) and immunoelectron microscopy using anti-LC3B antibody (C). White arrows, autophagosomes; black arrows, autolysosomes; white arrowheads, ferritin clusters; black arrowheads, small vesicles; double black arrow, ER membrane. Scale bars, 500 nm (B, C) and 100 nm (C, magnified image). coverslips were viewed using a confocal laser microscope (FV1000 IX81; Olympus, Tokyo, Japan) with a 609 oilimmersion objective lens (1.42 NA; Olympus) and captured with FLUOVIEW software (Olympus). For the final output, the images were processed using Photoshop CS6.
Statistical analysis
An unpaired t-test was performed to compare two groups.
A one-way analysis of variance followed by Dunnett's test was performed for multiple-comparison testing. Statistical analysis was performed using R software (R Core Team).
Results
Establishment of ATG2A/B DKO cell lines
In mammals, ATG2A and ATG2B have redundant functions in autophagy [7] . We introduced mutations and/or deletions in the genes of both ATG2 homologs in HeLa cells and MEFs using the CRISPR-Cas9 method. For HeLa cells, gRNA pairs were designed against two intron regions to delete exon38 of ATG2A and exon 35 of ATG2B (Fig. 1A) . For MEFs, single gRNAs were designed within exon 36 of Atg2a and exon 38 of Atg2b to induce frameshift mutations (Fig. 1B) . Successful gene editing was confirmed by immunoblotting and genomic DNA sequencing (Fig. 1C,D and Fig. S1A-E) . These targeted exons were chosen to disrupt the C-terminal regions (indicated as black boxes in Fig. S1D ) that were previously shown to be required for autophagy [7] . As any truncated protein products were not expressed in these KO clones, truncated gene products might be unstable (Fig. S1E) . The resulting single KO and DKO cell lines did not show any growth defects (data not shown). The number and size of lipid droplets increased in Atg2a/b DKO MEFs as previously shown (Fig. S2A-D) [7]. The LC3 turnover assay was performed in HeLa cells and MEFs to measure autophagic flux in ATG2A/B DKO cells (Fig. 1C,D) . In starved wild-type cells and ATG2A or ATG2B single KO cells, the amount of LC3-II, a phosphatidylethanolamine-conjugated form, was increased by treatment with the vacuolar type H + -ATPase inhibitor bafilomycin A 1 , indicating that LC3 was degraded by autophagy. By contrast, in ATG2A/B DKO cells, the LC3-II level was high even under nonstarved conditions, and was not further increased by treatment with bafilomycin A 1 . The defect in LC3 turnover in ATG2A/ B DKO cells was restored by expression of GFP-tagged human ATG2A. The protein expression level of p62/ SQSTM1, a selective autophagy substrate, was remarkably high under all conditions in ATG2A/B DKO cell lines (Fig. 1C,D) . Furthermore, blockade of autophagic flux was also demonstrated using the recently established GFP-LC3-RFP reporter (Fig. 1E) [27] . This reporter is cleaved by endogenous ATG4 family proteases to yield equimolar amounts of GFP-LC3 and RFP fragments. As GFP-LC3, but not RFP, was degraded by autophagy, the GFP/RFP ratio decreased during starvation in wild-type cells (Fig. 1F) . However, the GFP/RFP ratio was almost unchanged in response to starvation in ATG2A/B DKO HeLa cells, which was restored by exogenous expression of ATG2A. Thus, these data confirm our previous observation in ATG2A/ B-knockdown cells that autophagic degradation was inhibited in the absence of ATG2A and ATG2B, and that ATG2A and ATG2B have redundant functions in autophagy.
ATG2 proteins are required for elongation of isolation membranes
In wild-type MEFs, FIP200, WIPI2, GFP-ATG14L, GFP-DFCP1, ATG16L1, and p62 formed punctate structures under starvation conditions, which Fig. S3C,D) . The 1724-1829 region of ATG2A (gray box) is essential for autophagy and required for ATG2A localization to both isolation membranes and lipid droplets. (B) ATG2A/B DKO HeLa cells stably expressing the indicated GFP-ATG2A variants were cultured in regular or starvation medium in the presence or absence of 100 nM bafilomycin A 1 for 2 h. Cell lysates were analyzed by immunoblotting using the indicated antibodies. (C) The GFP-LC3-RFP reporter assay using ATG2A/B DKO HeLa cells stably expressing the indicated ATG2A-FLAG variants were cultured in regular or starvation medium in the presence or absence of 100 nM bafilomycin A 1 for 6 h and analyzed by flow cytometry as in Fig. 1 . The horizontal lines represent the mean of three independent experiments. (D, E) Wild-type MEFs stably expressing the indicated GFP-ATG2A variants were cultured in starvation medium for 1 h. Starved cells were fixed and subjected to fluorescence microscopy. WIPI2 and ADRP were immunostained with specific antibodies. Scale bars, 10 and 1 lm (inset) (D). The colocalization ratio between the GFP-ATG2A variants and WIPI2 or ADRP is shown (E). n ≥ 24 cells. The box plot denotes the median and interquartile range (25-75 percentile), including outliers plotted individually. Statistical difference was determined by one-way analysis of variance with Dunnett's test where each ATG2 variant was compared with full-length ATG2A (**P < 0.01). (F) Summary of the localization and autophagic activity of ATG2A variants.
colocalized with LC3 puncta ( Fig. 2A and Fig. S2E ) [29] . ATG9A rarely colocalized with LC3 [34] . By contrast, in Atg2a/b DKO MEFs, almost all ATG proteins including ATG9A formed large punctate structures ( Fig. 2A and Fig. S2E ), indicating that ATG proteins accumulated at the autophagosome The hydrophobic residues that were replaced with glutamate in ATG2A_AH-E are shown. a-helical properties were predicted using HELIQUEST software (http://heliquest.ipmc.cnrs.fr/) and secondary structure was predicted by PSIPRED software (http://bioinf.cs.ucl.ac.uk/psipred/). H, helix; C, coil. (B, C) Wild-type MEFs stably expressing either wildtype GFP-ATG2A or the AH-E variant were cultured in starvation medium for 1 h. Cells were fixed and stained with antibodies against ADRP and WIPI2. Scale bars, 10 and 1 lm (inset) (B). Colocalization ratio between the GFP-ATG2A variants and indicated markers is shown in the box plot as in Fig. 3E (C) . Statistical difference is determined by unpaired Student t-test. (**P < 0.01). n ≥ 23 cells. (D, E) ATG2A/B DKO HeLa cells with or without stable expression of either full-length GFP-ATG2A or the AH-E variant were cultured in regular or starvation medium in the presence or absence of 100 nM bafilomycin A 1 for 2 and 6 h for immunoblotting (D) and the GFP-LC3-RFP reporter assay (E), respectively. The horizontal lines represent the mean of three independent experiments (E).
formation site as previously reported [7, 8] . While p62 clearly colocalized with LC3-positive structures, FIP200, ATG9A, WIPI2, GFP-ATG14L, GFP-DFCP1, and ATG16L1 tended to be present adjacent to LC3. These results suggest that p62 and LC3 form core structures, which are surrounded by other ATG proteins. Ribosome-free areas containing small vesicles and ferritin clusters, which were surrounded by the endoplasmic reticulum (ER) membranes, were frequently observed under electron microscopy in Atg2a/ b DKO MEFs (Fig. 2B) , as in ATG2A/B-knockdown HeLa cells [8] . These small vesicles were labeled with LC3 in immunoelectron microscopy (Fig. 2C) . ATG2A/B DKO HeLa cells showed a similar phenotype (data not shown). However, typical isolation membranes or small double-membrane structures, which were previously observed in ATG2A/B-knockdown HeLa cells [8], were not observed in Atg2a/b DKO MEFs. This difference may be explained by residual activity of remaining ATG2 proteins in knockdown cells. These results suggest that ATG2 proteins function at the elongation step of the isolation membrane.
The N-and C-terminal regions of human ATG2A are required for its localization to isolation membranes and lipid droplets, respectively
We previously identified amino acids 1723-1829 of human ATG2A as essential for both autophagy and localization to isolation membranes and lipid droplets [7] . Additionally, the N-and C-terminal regions of ATG2A are highly conserved during evolution and also show high homology with these regions in VPS13 family proteins (Fig. S3 ) [17, 18] . The N-terminal regions of human ATG2A (amino acids 12-198) and VPS13A (amino acids 2-182) show 21% identity, and the Cterminal regions of ATG2A (amino acids and VPS13A (amino acids 2939-3025) show 25% identity. Furthermore, the N-terminal regions of ATG2A and VPS13C (amino acids 2-182) show 24% identity, and the C-terminal regions of ATG2A and VPS13C (amino acids 3453-3539) show 21% identity. These regions also show significant similarities to human VPS13B and VPS13D, although to lesser extents (data not shown). We constructed ATG2 deletion variants and examined their function in autophagy in ATG2A/B DKO HeLa cells (Fig. 3A) . Stable expression of fulllength ATG2A in ATG2A/B DKO HeLa cells restored the autophagy defect as judged by LC3 turnover, p62 degradation, and GFP-LC3-RFP reporter assays (Fig. 3B,C) . By contrast, autophagic activity was not restored by expression of ATG2A lacking N-terminal amino acids or amino acids 1724-1829 (ATG2AD1724-1829) that were previously shown to be required for localization to isolation membranes and for autophagosome formation [7] . However, ATG2A lacking C-terminal amino acids 1830-1938 (ATG2AD1830-1938) was able to restore the autophagic activity to a level comparable with that of full-length ATG2A (Fig. 3B,C) , suggesting that the C-terminal region is not required for autophagy even though it is highly conserved in ATG2 and VPS13 family proteins. We also examined the subcellular localization of these ATG2A variants. Full-length ATG2A colocalized with WIPI2, an isolation membrane marker, and ADRP, a lipid droplet marker (Fig. 3D,E) . As we previously reported, ATG2AD1724-1829 failed to form punctate structures and colocalize with WIPI2 or ADRP [7, 17] . By contrast, ATG2AD1-198 colocalized with ADRP but not with WIPI2, and ATG2AD1830-1938 colocalized with WIPI2 (to a slightly lesser extent) but not with ADRP ( Fig. 3D,E) . These results indicate that N-terminal amino acids 1-198 and Cterminal amino acids 1830-1938 of ATG2A are required for localization to isolation membranes and lipid droplets, respectively. These fluorescence microscopy results are consistent with findings from studies of autophagic activity (Fig. 3C,F) .
ATG2A localizes to the isolation membrane and lipid droplets via an amphipathic helix
While the N-and C-terminal regions of ATG2A mediate organelle-specific localization, amino acids 1724-1829 may have a more fundamental membrane-binding property because this region is essential for ATG2 localization to both organelles (Fig. 3D,E) . We found a potential AH (amino acids 1750-1767) in this region using Heliquest for helical wheel prediction and PSIPRED software for secondary structure prediction (Fig. 4A) . The AH sequence is conserved across organisms from yeast to mammals (Fig. S3B, green  line) . To examine whether the AH motif contributes to ATG2A localization, we replaced hydrophobic amino acid residues with glutamate to disrupt amphiphilicity (ATG2A_AH-E). As a result, ATG2A_AH-E colocalized with neither WIPI2 nor ADRP (Fig. 4B,C) . Consistently, ATG2A_AH-E failed to restore the autophagic defect in ATG2A/B DKO HeLa cells (Fig. 4D,E) . These results suggest that ATG2A has a functional AH motif in the region 1750-1767, which is required for localization of ATG2A to isolation membranes and lipid droplets.
Discussion
In this study, we have established human ATG2A/B DKO and mouse Atg2a/b DKO cell lines and confirmed that autophagic flux is completely blocked in these cells. We observed the accumulation of almost all ATG proteins, small vesicles, and selective substrates but not elongated isolation membranes. This is consistent with the observation in D. melanogaster Atg2 mutant cells that p62 extensively colocalizes with Atg9 but isolation membranes (phagophores) were only rarely observed around p62 structures [11, 12] . Recently, another group also established ATG2A/B DKO THP-1 cells [9] . In contrast to our observation, these authors reported that immature autophagosomelike structures were generated in these cells. To determine whether these membranes are indeed ATG, further studies using immunoelectron microscopy or correlative light and electron microscopy are required.
Our hierarchical analysis indicates that WIPI2 can be recruited to the autophagosome-formation site in the absence of ATG2 (Fig. 2A) . Furthermore, we previously showed that exogenously expressed WIPI1 can also be recruited in ATG2A/B-knockdown HeLa cells [7] . These results are in contrast to the situation in yeast, where PAS localization of Atg18 depends on Atg2 [5, 14, 35] . Although ATG2s strongly interact with WDR45/WIPI4 [36] [37] [38] , the requirement for ATG2s-WDR45 interaction in ATG2 localization to the isolation membrane remains unclear. Further studies are required to determine the precise hierarchy between ATG2s and WIPIs in mammals.
The most striking result in the present study is that the localization of ATG2A to the isolation membrane and lipid droplets requires common (amino acids 1724-1829) and specific (either N-or C-terminal) regions. The N-terminal region is required for ATG2A localization only to isolation membranes but not to lipid droplets, whereas the C-terminal region is required only for localization to lipid droplets but not to isolation membranes. Furthermore, the C-terminal region is even dispensable for autophagy. This is unexpected because both N-terminal and C-terminal regions are evolutionarily conserved and similar to the corresponding regions in VPS13A. An in vitro liposome experiment showed that yeast Vps13 can directly bind to membranes, especially those containing phosphatidic acid and phosphatidylinositol phosphates [21] . In particular, the N-terminal region of Vps13 showed a high affinity to phosphatidic acid and a weak affinity to PtdIns4,5P 2 and PtdIns4P, whereas the C-terminal region showed an affinity to PtdIns4,5P 2 [21] . The Nand C-terminal regions in ATG2 may have similar properties and regulate the specific recruitment of ATG2 to different organelles depending on their compositions.
During preparation of this manuscript, two groups reported the determination of the structure of the ATG2s-WIPI4 complex by single-particle electron microscopy and showed that the ATG2s have membrane-binding/tethering activity [37, 38] . WIPI4 associates with a tip of ATG2, which adopts a rod shape. The N-terminal end of ATG2 is located at the opposite tip [37, 38] . Chowdhury et al. [38] further suggested that the C-terminal end of ATG2A is also located at the same tip as the N terminus. Thus, it is possible that the N-and C-terminal regions regulate binding with different organelles at the same tip, which is opposite to the WIPI-binding tip. Furthermore, Chowdhury et al. [38] also proposed that ATG2A has an AH in amino acids 1723-1819 and this fragment binds to highly curved membranes. Overall, their in vitro results are consistent with our findings in vivo. Further studies will be required to determine how the membrane-binding/tethering activity of ATG2 contributes to autophagosome formation.
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